Human monocytes displayed increased expression of CD40 following infection with virulent Mycobacterium tuberculosis. Nevertheless, soluble CD40 ligand (CD40L; also designated CD154) had no effect on the intracellular growth of the organism. Restriction of the intracellular growth of M. tuberculosis by peripheral blood lymphocytes and antigen-specific CD4 ؉ T-cell lines likewise was not reduced by blocking anti-CD40L monoclonal antibody 5c8.
The susceptibility of individuals with defective function of receptors for gamma interferon (IFN-␥) and interleukin-12 (IL-12) to disseminated infections with mycobacterial species suggests that Th1 responses are central to protective human immunity against Mycobacterium tuberculosis (reviewed in reference 7). Nevertheless, the ability of IFN-␥ to directly activate infected human mononuclear phagocytes to kill intracellular M. tuberculosis appears to be much more limited than that described for murine models of tuberculosis (5, 8, 9, 18) . We previously described an in vitro model of infection of human monocytes (MN) with virulent M. tuberculosis strain H37Rv in which the ability of peripheral blood lymphocytes (PBL) to inhibit intracellular growth of the organism could be demonstrated and in which PBL-mediated inhibition of M. tuberculosis was much more effective than that mediated by transferred supernatants of these cocultures (22) . These findings suggested a role for direct cell-to-cell contact in lymphocytemediated activation of MN to contain intracellular M. tuberculosis.
The interaction of CD40 ligand (CD40L; also designated CD154) and CD40 represents one pairing of cell surface ligands which could play a role in the contact-mediated inhibition of intracellular M. tuberculosis. CD40L was first recognized as a CD4 ϩ T-cell surface ligand that plays an essential role in isotype switching from immunoglobulin M (IgM) to other immunoglobulins (13) . However, individuals with hyperIgM syndrome resulting from functional deficiency of CD40L also exhibit an increased incidence of infections characteristically observed in T-cell deficiency states (16) . This observation has been explained by the subsequent discovery that the interaction of CD40L with CD40 contributes to the development of cell-mediated immune responses via several mechanisms. These include stimulation of the production of IL-12 and, thus, promotion of Th1 responses (20) and upregulation of costimulatory molecules to provide for maximal T-cell proliferation and cytokine production (1, 14) . Of particular interest for the present study is the fact that the interaction of CD40L with CD40 on mononuclear phagocytes also results in direct activation of MN to produce numerous proinflammatory cytokines, such as IL-1 and tumor necrosis factor alpha (1, 12). We therefore assessed the possible role of the CD40L-CD40 interaction in directly activating human MN to inhibit intracellular growth of M. tuberculosis.
The present study made use of our previously reported in vitro model of lymphocyte-mediated limitation of intracellular bacterial growth. All cells were obtained from healthy subjects aged 22 to 50 according to protocols approved by the Institutional Review Board of Case Western Reserve University and University Hospitals of Cleveland. For studies involving lymphocyte populations, subjects with a history of positive skin test responses to purified protein derivative of M. tuberculosis were specifically recruited. Peripheral blood was obtained by venipuncture, and peripheral blood mononuclear cells (PBMC) were isolated by density sedimentation. MN were separated from PBL by plastic adherence as previously described (22) . Infections were performed with the virulent M. tuberculosis strain H37Rv (no. 25618; American Tissue Type Collection, Rockville, Md.). In preparation for the infection of MN, mycobacteria were processed by using a series of mechanical disruptions and centrifugations to minimize bacterial clumping and provide for accurate quantification of the inoculum as previously described (22) .
Infection with M. tuberculosis increases MN surface expression of CD40. Because any effect of CD40L on M. tuberculosisinfected MN would require the presence of CD40 on MN, we first examined the effects of infection with M. tuberculosis on MN surface expression of this molecule. Following infection with a 5:1 bacteria-to-cell ratio of M. tuberculosis, MN were incubated with murine anti-human CD40 (no. 33071A; Pharmingen) followed by fluorescein isothiocyanate-conjugated antimurine IgG (no. 38475; Cappel, Durham, N.C.). In three separate experiments, expression of CD40 was observed on 29.6% Ϯ 13.1% of uninfected MN and on 76.1% Ϯ 8.0% of infected MN (P ϭ 0.03 by paired t test). Representative flow cytometry results are presented in Fig. 1 . rsCD40L does not activate human MN to kill intracellular M. tuberculosis H37Rv. Recombinant soluble human CD40L (rsCD40L; kindly provided by Biogen, Inc., Cambridge, Mass.) was then used to assess the ability of CD40L to limit the intracellular growth of H37Rv. The purity of the reagent was assessed by limulus lysate assay, which indicated that, with dilution of the ligand to the working concentrations of 2, 10, and 25 g/ml used in this study, final lipopolysaccharide concentrations within our cultures were 0.003, 0.015, and 0.038 endotoxin units (EU)/ml, respectively. To confirm the bioactivity of rsCD40L, we assessed the ability of the ligand to induce IL-12 production from MN-derived dendritic cells (DC) (4) . MN were incubated with 1,000 U of recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF, no. 300-03; Pepro-Tech, Rocky Hill, N.J.) and 1,000 U of recombinant human IL-4 (no. 200-04; Pepro-Tech) for 6 days as previously described (19) . Following counting and allocation into 48-well plates, DC were then incubated with rsCD40L for 48 h. Supernatants were then collected, and IL-12 was measured with a commercially available enzyme-linked immunosorbent assay kit (no. EH21L12T; Endogen, Cambridge, Mass.). As shown in Fig. 2 , concentrations of 2, 10, and 25 g of rsCD40L/ml each induced significant production of IL-12 from DC (P ϭ 0.041, 0.010, and 0.019, respectively, by paired t test).
These same concentrations of rsCD40L were then added to cultures of M. tuberculosis-infected MN. MN infections were established in microtiter well format as previously described in detail (22) . In brief, 10 5 MN were plated into each of the triplicate wells and infected during a 1-h incubation with H37Rv at a 1:1 bacteria-to-cell ratio. Autologous PBL were added to some wells at a ratio of 10 lymphocytes per MN as a positive control for growth limitation. At time points of interest, supernatants were removed and cell pellets were lysed, pooled, and plated onto Middlebrook 7H10 agar with oleic acid-albumin-dextrose-catalase enrichment (Difco). Viable intracellular organisms were determined by colony counting following 2 to 3 weeks of incubation and expressed as CFU per milliliter of cell lysate. The number of CFU of supernatants was determined separately and was at least 10-fold lower than that of pellets of the same culture in each case, indicating that relatively few bacteria were released into the supernatant following initial infection and rinsing of nonphagocytosed organisms. In cocultures in which PBL were added to M. tuberculosis-infected MN, the separate assessment of CFU within culture supernatants confirmed that reductions in intracellular CFU observed in this system predominantly reflected the killing rather than the release of intracellular organisms, as previously described (21) .
As shown in Fig. 3 , PBL mediated a significant reduction in the intracellular growth of H37Rv compared to that within MN alone at each of the time points studied (P Ͻ 0.0001, P ϭ 0.002, and P ϭ 0.003 at 1, 4, and 7 days, respectively). In contrast, the addition of rsCD40L in concentrations of 2, 10, and 25 g/ml did not significantly reduce the viability of intracellular M. tuberculosis.
Blocking the CD40L-CD40 interaction does not reduce the ability of PBL to limit intracellular growth of M. tuberculosis H37Rv. One potential explanation of our inability to demonstrate an effect of rsCD40L on limiting the intracellular growth To assess the efficacy of blocking of the CD40L-CD40 interaction in our culture system, we first measured IFN-␥ production in cocultures of PBL and M. tuberculosis-infected MN in the presence of 5c8. Consistent with the costimulatory role of CD40L and CD40 in lymphocyte activation, 5c8 partially inhibited IFN-␥ production in a dose-dependent fashion, as illustrated in Fig. 4 (15) . The reduction in IFN-␥ production was statistically significant for 1-, 10-, and 100-g/ml concentrations of 5c8 (P ϭ 0.001, 0.021, and 0.007, respectively)
The same concentrations of 5c8 were then added to cocultured M. tuberculosis-infected MN and PBL. As illustrated in Fig. 5 , PBL mediated a significant reduction in intracellular H37Rv at days 1, 4, and 7 of coculture (P Ͻ 0.0001, P Ͻ 0.0001, and P ϭ 0.007, respectively). The addition of 5c8 in concentrations of 1, 10, and 100 g/ml had no significant effect on the ability of PBL to limit the intracellular growth of M. tuberculosis at any of the time points studied, as shown.
Blocking anti-CD40L antibody does not interfere with inhibition of intracellular M. tuberculosis by short-term CD4
؉ Tcell lines. Because of the heterogeneity of PBL, the ability of these cells to inhibit the intracellular growth of M. tuberculosis could result from the combined actions of several effector mechanisms. We therefore investigated the role of the CD40L-CD40 interaction in the containment of intracellular M. tuberculosis by a more well-defined lymphocyte population, that of short-term M. tuberculosis-specific CD4 ϩ T-cell lines. This population was selected for study because CD4 ϩ T cells are thought to be an essential component of acquired immunity to M. tuberculosis and because CD40L-expressing CD4 ϩ T cells mediate the most well-characterized function of CD40L, that of costimulation of B cells to initiate immunoglobulin isotype switching.
M. tuberculosis-specific CD4 ϩ T-cell lines were developed by incubation of PBMC of purified protein derivative-positive donors with avirulent M. tuberculosis strain H37Ra (no. 25177; American Tissue Type Collection). Aliquots of 2 ϫ 10 6 PBMC were incubated with H37Ra in a 24-well plate format. Following 4 days of culture, 10 U of IL-2 (no. 3001050; Advanced Biotech, Columbia, Md.)/ml was added to each well. On day 7, cells were harvested and CD4 ϩ T cells were isolated by positive selection with magnetized anti-CD4 antibodies (Dynabeads M-450 with DETACHaBEAD; Dynal, Lake Success, N.Y.) as previously described (23). Short-term CD4 ϩ T-cell lines were then added to H37Rv-infected MN at a 5:1 ratio. As illustrated in Fig. 6 , M. tuberculosis-specific short-term CD4 ϩ T-cell lines mediated significant killing of M. tuberculosis compared to the growth within MN alone at each time point (P ϭ 0.019, 0.010, and 0.020 at 1, 4, and 7 days, respectively). As with PBL, however, the ability of antigen-specific CD4 ϩ T cells to limit In order to confirm the ability of 5c8 to adequately block CD40L-CD40 interactions in our culture system, we measured IFN-␥ production by cocultured M. tuberculosis-infected MN and PBL both in medium alone and in the presence of several concentrations of anti-CD40L. As indicated, the addition of antiCD40L led to a dose-dependent decrease in measured IFN-␥. Mean IFN-␥ levels were significantly lower than control levels in the presence of 1, 10, and 100 g of 5c8/ml (P ϭ 0.001, 0.021, and 0.007, respectively). Bars represent means and standard deviations of results from studies of 10 subjects.
the intracellular growth of H37Rv was not reduced by the addition of blocking anti-CD40L MAb (in concentrations of 10 and 100 g/ml).
Despite its many contributions to cell-mediated immunity, the interaction of CD40L and CD40 is not universally essential to protective T-cell responses. CD40L-CD40 interactions have been shown to be a critical component of protective immunity to a range of pathogens, including Leishmania major (11, 14) , Cryptosporidium parvum (6) , Toxoplasma gondii (24) , and Pneumocystis carinii (25) . CD40L has also recently been reported to mediate killing of Mycobacterium avium within human MN (10) . In contrast, although the interaction of CD40L and CD40 is essential for the optimal development of cytotoxic antiviral memory responses, cytotoxic effector functions of CD4 ϩ and CD8 ϩ T cells involved in the containment of lymphocytic choriomeningitis virus and vesicular stomatitis virus are independent of CD40L and CD40 (2, 17) .
A previous study of M. tuberculosis infection of CD40L knockout mice showed that survival was not reduced for the gene-disrupted animals and that the growth of the organisms was only marginally greater in the CD40L knockout mice than in wild-type animals (3). We had hypothesized that this pathway of contact-mediated activation might be of greater importance in human immunity to M. tuberculosis because of the suggestion that cytokine-independent mechanisms play a greater role in the antituberculous defenses of humans than in those of mice. Our results, however, indicate that the CD40L-CD40 interaction does not directly mediate the activation of infected human MN to limit the growth of M. tuberculosis. As our subjects were individuals who had already developed specific immunity to M. tuberculosis, our findings cannot exclude the possibility that the CD40L-CD40 interaction may contribute to the initial development of protective memory responses to this organism. Other lymphocyte surface ligands must be implicated as the effectors of contact-mediated killing of intracellular M. tuberculosis, however.
We thank David Canaday of Case Western Reserve University for assistance with protocols for preparation of short-term CD4 ϩ T-cell lines. We also thank W. Henry Boom of Case Western Reserve University for many helpful discussions. ϩ T cells. CD4 ϩ T cells were isolated from PBMC that had been stimulated for 7 days by incubation with avirulent M. tuberculosis H37Ra. As illustrated, the addition of these cells in a 5:1 ratio relative to infected MN resulted in a significant reduction of intracellular M. tuberculosis at 1, 4, and 7 days of coculture. The addition of 5c8 in concentrations of 10 and 100 g/ml had no effect on CD4 ϩ T-cell-mediated killing of H37Rv. 
